The ®rst part of this review is concerned with the balance between N input and output as urinary urea. I start with some observations on classical biochemical studies of the operation of the urea cycle. According to Krebs, the cycle is instantaneous and automatic, as a result of the irreversibility of the ®rst enzyme, carbamoyl-phosphate synthetase 1 (EC 6.3.5.5; CPS-I), and it should be able to handle many times the normal input to the cycle. It is now generally agreed that acetyl glutamate is a necessary co-factor for CPS-1, but not a regulator. There is abundant evidence that changes in dietary protein supply induce coordinated changes in the amounts of all ®ve urea-cycle enzymes. How this coordination is achieved, and why it should be necessary in view of the properties of the cycle mentioned above, is unknown. At the physiological level it is not clear how a change in protein intake is translated into a change of urea cycle activity. It is very unlikely that the signal is an alteration in the plasma concentration either of total amino-N or of any single amino acid. The immediate substrates of the urea cycle are NH 3 and aspartate, but there have been no measurements of their concentration in the liver in relation to urea production. Measurements of urea kinetics have shown that in many cases urea production exceeds N intake, and it is only through transfer of some of the urea produced to the colon, where it is hydrolysed to NH 3 , that it is possible to achieve N balance. It is beginning to look as if this process is regulated, possibly through the operation of recently discovered urea transporters in the kidney and colon. The second part of the review deals with the synthesis and breakdown of protein. The evidence on whole-body protein turnover under a variety of conditions strongly suggests that the components of turnover, including amino acid oxidation, are in¯uenced and perhaps regulated by amino acid supply or amino acid concentration, with insulin playing an important but secondary role. Molecular biology has provided a great deal of information about the complex processes of protein synthesis and breakdown, but so far has nothing to say about how they are coordinated so that in the steady state they are equal. A simple hypothesis is proposed to ®ll this gap, based on the self-evident fact that for two processes to be coordinated they must have some factor in common. This common factor is the amino acid pool, which provides the substrates for synthesis and represents the products of breakdown. The review concludes that although the achievement and maintenance of N balance is a fact of life that we tend to take for granted, there are many features of it that are not understood, principally the control of urea production and excretion to match the intake, and the coordination of protein synthesis and breakdown to maintain a relatively constant lean body mass.
Introductioǹ
Experience shows that virtually every detail of living matter serves a physiological purpose. . Sixty years after its initial description the physiological role of the urea cycle continues to be the subject of new ideas and new controversies. ' Morris, 1992.
The object of this review is to try to understand how the body achieves and maintains N balance and constancy of lean body mass (LMB) in the face of quite large variations in protein intake.
As my two opening quotations show, this is essentially a physiological question which is not fully understood and has not received much attention in the current or, indeed, in the past literature. The review is divided into two sections, one concerned with the balance between N input and output, the other with the balance between protein synthesis and breakdown. These two balances are connected through the free amino acid pool ( Fig. 1) (Waterlow, 1994) . The size of that pool is only allowed to vary within narrow limits, representing a minute proportion of total body N. Therefore it can be assumed that if input and output are in balance, protein synthesis and breakdown must also be in balance. This follows from the steady state¯ux equation that was proposed 20 years ago (Waterlow et al. 1978) :¯ux (Q) synthesis (S) oxidationaexcretion (O) breakdown (B) input (I). Rearranging, this becomes I 7 O (input 7 output balance) S 7 B (protein balance).
The balance of nitrogen input and output
Since intake is determined by behavioural factors, the direction of causation is quite clear: output must respond to intake. I shall discuss this question under two headings: the biochemical evidence, from experiments in vitro, of how this response is regulated; and physiological or observational evidence of what happens in vivo.
There is some variation in N output in the faeces, probably depending on the ®bre content of the diet; in N loss from the skin, depending on climate (Ashworth & Harrower, 1967) ; and in urinary NH 3 output, depending on acid ± base status. However, as has been known for nearly 100 years, the major variable is urea (Folin, 1905) . The regulation of urea production is therefore the key to N balance. Fig. 1 . The twin cycles of nitrogen balance: the cycle of input and output and the cycle of protein synthesis and breakdown, connecting through the free amino acid pool. From Waterlow (1994) .
The biochemical evidence
Short-term regulation of urea production. The ornithine cycle of urea synthesis discovered by Krebs & Henseleit (1932) 66 years ago has stood the test of time. In humans and rats the starting-point of the cycle is the supply of N from amino acids. In ruminants, which have been the subject of many investigations (e.g. Lobley et al., 1995 Lobley et al., , 1996 , the situation is rather different because large amounts of NH 3 are presented to the liver as a result of bacterial decomposition in the rumen. I shall not consider them in this review.
Almost all biochemical studies on the details of the urea cycle have been done on rats, but it is presumed that humans behave in the same way. The volume of relevant biochemical work is very large: the review by Meijer et al. (1990) contains over 600 references! It is not easy to compare and put together the results of even a small number of these studies, because they differ so much in experimental design and technical details. Experiments have been done on the whole animal, perfused liver, isolated hepatocytes and mitochondria; in the whole animal the supply of substrate ranges from rapid injection of amino acids (Stewart & Walser, 1980) to normal feeding for varying periods; in vitro there are differences in the range and concentration of substrates provided and in methods of measurement (e.g. Lund & Wiggins, 1984) . I shall attempt to provide a short overview which I hope will represent a consensus.
First, however, it is necessary to consider a fundamental question raised by Atkinson about the physiological function of the cycle. In his view`ureagenesis is functionally useful not because it furnishes urea but because it disposes of bicarbonate' (Atkinson & Bourke, 1984) . In support of this view it was shown in hepatocytes that acidosis decreases urea formation and increases that of glutamine, thus sparing bicarbonate for rectifying the acidosis. Haussinger (1983) demonstrated that there is a spatial separation in the liver lobule between urea synthesis and glutaminase (EC 3.5.1.2) activity in periportal cells and glutamine synthesis in perivenous cells. They con®rmed the effects of acidosis on the formation of urea and glutamine and concluded from studies on the perfused liver that`a hepatic intercellular glutamine cycle between periportal and perivenous cells of the lobule serves a regulatory function in the pH homoeostasis of the organism' (Haussinger et al. 1984) . The picture is further complicated by the demonstration in hepatocytes that mitochondria contain carbonic anhydrase (EC 4.2.1.1.), and an inhibitor of this enzyme, while blocking the production of bicarbonate from CO 2 , strongly reduces urea production (Dodgson & Forster, 1986) . These results suggest that urea synthesis is not normally dependent on extra-mitochondrial bicarbonate produced by amino acid catabolism.
All these results were obtained in hepatocytes or perfused livers. In the whole animal the picture seems to be rather different. Halperin et al. (1986) infused acid, ammonium salts and bicarbonate into rats and found that neither plasma pH nor bicarbonate affected the rate of urea synthesis, which depended primarily on the ammonium load. Moreover, they point out that patients with liver failure or congenital absence of urea-cycle enzymes do not suffer from severe metabolic alkalosis. This discrepancy between results in the whole animal and in liver preparations has not, to my knowledge, been resolved. Since we are concerned here primarily with the whole animal, it seems clear to me that the main function of the urea cycle is to preserve N homoeostasis. If along the way urea formation contributes to the maintenance of acid ± base balance, we must regard it as an exceptionally successful and economical piece of physiological engineering.
The components of the urea cycle, as I shall call it rather than the ornithine cycle, will be familiar but some points need special emphasis. Krebs (1973) gives an interesting account of the history of his thinking that led to the discovery of the ®rst true metabolic cycle. He regarded the operation of the cycle as instantaneous and automatic, in the sense that the¯ux through it is determined solely by the kinetic characteristics of the component enzymes and metabolites. Duda & Handler (1958) , pioneers, after Schoenheimer, in the application of 15 N to metabolic studies, took the same view. The substrates of the ®rst enzyme in the cycle, carbamoylphosphate synthetase 1 (EC 6.3.5.5; CPS-1) are NH 3 , HCO 3 and ATP. HCO 3 is always available and there is no competition for ATP, since Hems et al. (1966) showed that a maximal rate of urea synthesis did not interfere with a maximal rate of gluconeogenesis. In fact 6 moles of ATP are formed per mole of urea synthesized (from the oxidation of NADH generated by oxidative deamination of glutamate and regeneration of aspartate from fumarate), with only 4 moles consumed for urea synthesis.
Ammonia enters the cycle in the form of NH 3 which, rather than NH 4 , is the true substrate (Cohen et al. 1985) . Since the equilibrium between NH 3 and NH 4 is strongly pH dependent, the control of pH at the site of urea synthesis must be very tight. Whether pH plays a regulatory role in NH 3 availability and how this ®ts in with the data and views of Atkinson & Bourke (1984) and Haussinger (1993) discussed earlier is not clear however. The major precursor of NH 3 , apart from that which reaches the liver directly from the gut, is glutamate, through the action of glutamate dehydrogenase (EC 1.4.1.2) (Krebs, 1972; Krebs et al. 1976) . The glutamate is derived by transamination from alanine, aspartate and other transaminating amino acids. Other sources of NH 3 , such as the degradation of glutamine, are ruled out as major players because their rate of supply is too low . The virtually instantaneous rate of these reactions, both among the precursors of NH 3 and in the urea cycle itself, has been con®rmed by Cooper et al. (1987 Cooper et al. ( , 1988 in experiments with the very short-lived isotope 13 N. Within seconds of intraportal injection of 13 NH 3 , the isotope was widely distributed among the components of the glutamate dehydrogenase, aspartate aminotransferase (EC 2.6.1.1) and alanine aminotransferase (EC 2.6.1.2) reactions. Only a small fraction of the portal-derived NH 3 entered glutamine. When [
13 N]alanine was injected, after 60 s 24 % of the isotope had appeared in urea (Cooper et al. 1988) . The net t 1a2 for conversion of NH 3 to urea was calculated to be 10± 11 s. Qualitatively similar results were obtained by Patterson et al. (1995) and by Weijs et al. (1996) . Patterson's group gave 15 NH 4 Cl by mouth and calculated the initial rate of 15 N uptake from the exponential slopes of labelling of various metabolites. Nearly 50 % of the label was taken up into urea, compared with 20 % into arginine and 12 % into each of the two N atoms of glutamine. The extent of these interchanges, though not their rate, has also been con®rmed by measurements of 15 N by NMR (Geissler et al. 1992 ). The question has been raised as to how the stoichoimetry is achieved between the two N atoms of urea derived from NH 3 and aspartate. Krebs (1976) and Krebs et al (1976) explained it on the basis that aspartate aminotransferase is a very abundant enzyme which operates near to equilibrium. Aspartate is always present in excess and as fast as it is used up in the formation of argininosuccinate it is replenished. Its rate of supply for urea formation is therefore automatically determined by the activity of CPS-1.
On the basis of this evidence from experiments in vitro it is reasonable to regard the operation of the urea cycle as automatic, controlled entirely by kinetic and thermodynamic factors. The ®rst enzyme, CPS-1, operates far from equilibrium, it is not reversible, and it exerts almost 100 % of control of the¯ux through the cycle (Wanders et al. 1984) . The system as a whole is capable of handling a wide range of NH 3 supply, the concentrations of intermediates are kept low, and the cycle is usually operating at only a fraction of its capacity (Meijer et al. 1990 ). As Krebs et al. (1973) put it:`The capacity of the cycle is always large enough to remove promptly any surplus N'.
However, CPS-1 has for its activity an absolute requirement for a co-factor, N-acetyl glutamate (N-AG). N-AG is an allosteric activator of CPS-1 and it does not affect the catalytic properties of the enzyme; the free enzyme is inactive, the CPS-1±N-AG complex is fully active and is, in fact, the functional catalytic unit (Cheung & Raijman, 1980) . There has been much discussion and much controversy about the possible role of N-AG as a regulator or controller of the urea cycle. The synthesis of N-AG is stimulated by glutamate, through a substrate effect (Stewart & Walser, 1980) , and also by arginine . The amount of N-AG in the liver increases when the supply of N is increased, as does the production of urea. Discussion, on the whole, has centred round the time-relationships of the increases that have been found in different experimental situations. Obviously if the rise in N-AG followed the rise in urea production it would be dif®cult to argue for its having a causal or controlling role.
Many authors have inclined to the view that N-AG does regulate urea synthesis (McGivan et al. 1974 (McGivan et al. , 1976 Saheki et al. 1980) . Stewart & Walser (1980) gave amino acids intraperitoneally and showed that a rise in N-AG occurs within minutes. It is an attractive hypothesis that glutamate stimulates the formation of N-AG which then exerts control over CPS-1. On the other hand, in a more physiological type of experiment BeliveauCarey et al. (1993) studied metabolite concentrations in the livers of rats during a meal preceded by 20 h fasting. They concluded that N-AG is not the only determinant of the state of activation of CPS-1; rather, in vivo, moment-to-moment control of the rate of urea formation is exerted by substrate availability. A similar statement of the relationship was given by Cohen et al. (1987) :`Moment-to-moment regulation of citrulline and urea synthesis in vivo is brought about primarily by changes in the concentrations of free NH 3 and ornithine. Changes in the liver concentration of N-AG, which occur more slowly, set the range of activity of CPS-1, within which NH 3 and ornithine exert immediate control in a given nutritional situation'. Other relevent papers, generally supporting this conclusion, are those of Cheung & Raijman et al. (1980) and Meijer et al. (1985) . This is a complex subject, but in the context of the control of N balance it is important to establish whether N-AG is a regulator, or an an essential co-factor. It seems that this controversy remains unresolved.
Other possible regulators have to be considered brie¯y. Ornithine could in theory exert substrate control on the activity of ornithine transcarbamylase (EC 2.1.3.3; OCT); experimental situations can be devised in which ornithine is rate-limiting, but apparently this does not happen in vivo; if it did, carbamoyl phosphate would accumulate, and this has not been observed. In studies on urea synthesis the concentration of carbamoyl phosphate has never been related to the urea¯ux (Meijer et al. 1985 (Meijer et al. , 1990 . The concentration of carbamoyl phosphate remains very low however fast the cycle is turning. Ornithine may, however, have an indirect role through increasing the concentration of its product, arginine, and thus stimulating the synthesis of N-AG .
It has been suggested that argininosuccinate synthetase (EC 6.3.4.5; ASS) might be ratecontrolling because it is the least abundant, in terms of activity per g liver, of all the urea-cycle enzymes. It is only when all substrates are in excess that ASS activity may be limiting. Moreover, in the experiments of Saheki et al. (1980) the concentration of urea in the liver rose before there was any increase in ASS; when urea synthesis was stimulated by an injection of NH 4 Cl, ASS activity did not change.
A ®nal possibility is that urea synthesis might be limited by the rate of transport of substrates from the mitochondria to the cytoplasm. It was found that citrulline synthesized in the mitochondria was passed along a channel in the cytoplasm, so that in labelling experiments the urea formed re¯ected the labelling in the mitochondria and not in the cytoplasm (Cohen et al. 1987; Watford, 1989) . Cheung et al. (1989) showed that the three extra-mitochondrial enzymes did not move freely in the cytoplasm but are grouped round the mitochondria. The work of Hesketh (1996) on targetting of mRNA to different regions of the cytoplasm is clearly very relevant here. It has also been suggested that glutamate transport, which requires a special transporter, could be rate-limiting (McGivan et al. 1974) .
In my opinion the balance of evidence is in agreement with Krebs' view, i.e. control of urea production by NH 3 concentration at the site of CPS-1 activity. N-AG is a necessary co-factor, but it does not regulate. Only if the activity of CPS-1 is very high may the supply of ornithine become limiting (Cohen et al. 1987) . It is interesting that long before the spate of biochemical studies in the 1970s and 1980s, Duda & Handler (1958) expressed exactly the same view, based on their pioneering studies with [
15 N] ammonium. They say:`F F F the rate of urea synthesis over the entire range (of dosage) was dependent solely on the available substrate, and neither the necessary enzymes nor coenzymes seemed to limit the synthetic rate F F F Assuming that the linear relationship between ammonia concentration and urea synthesis observed here obtains at the still lower ammonia concentration of the normal steady state, urea synthesis and hence nitrogen balance must be governed by those factors which determine NH 3 concentration'.
The only weak point in the argument is that there is virtually no information about variations in free NH 3 concentration which could be correlated with variations in urea synthesis. The reason is the dif®culties of measurement (Cohen et al. 1985) . NH 3 concentration calculated from NH 4 concentration at physiological pH, and assuming an appropriate value for the pK, was about 5 mM, which is almost two orders of magnitude less than total NH 4 concentration. This kind of calculation is unlikely to give accurate results for very minute changes in NH 3 concentration. Brown et al. (1957) determined NH 3 concentration in the livers of rats by the Berthelot reaction which measures free NH 3 . At 10 s after the rats were killed, NH 3 concentration was 0Á08 mg Nag liver. At 20 s the concentration had doubled as a result of hydrolysis of glutamine. Perhaps the problem could be overcome by the use of 15 N tracers and detection by NMR (Geissler et al. 1992) . It may be for this kind of technical reason that when Beliveau-Carey et al. (1993) analysed the livers of rats fed a meal after 20 h fasting, they found no relation between the concentration of total NH 3 and the increase in urea, although there were marked increases in alanine and glutamate. This is the most physiological of all the experiments in the ®eld. Duda & Handler (1958) suggested that the free NH 3 concentration might be virtually zero. Indeed, if the urea cycle operates in such a way that the rate of production of carbamoyl phosphate exactly equals the rate of N supply, the substrate concentration would remain constant. However, it has been pointed out by M Brand (personal communication) that in such a situation there must be a message passed from an outside source to signal that the cycle has to go faster or more slowly. This message could be N-AG but, as discussed above, that seems to be questionable. The alternative would be an exquisite sensitivity of the cycle to minute changes in concentration, as implied by Krebs. This constitutes one of the mysteries of the regulation of N balance which has yet to be solved.
Long-term regulation of urea-cycle enzymes. In the 1960s and 1970s there was great interest in the induction and repression of enzymes, de®ned by Kenney (1970) as a change in the amount of an enzyme produced by a change in the rate of its synthesis. Krebs (1972) gives a list of amino acid degrading enzymes and the extent to which they could be induced. Particular attention was given to tyrosine aminotransferase, ornithine aminotransferase (EC 2.6.1.68), tryptophan pyrrolase (EC 1.13.11.11) and serine dehydratase (EC 4.2.1.13), presumably because they are highly inducible, in some cases 50-fold, and therefore particularly suitable for the study of nutritional and hormonal effects. Corticosteroids, glucagon and c-AMP emerged as powerful inducers, while insulin and glucose usually had the opposite effect. For a review of this old work, see Kenney (1970) .
In 1962, Schimke published his classical paper on the adaptation of urea-cycle enzymes in the rat to different levels of dietary protein (150, 300, and 600 gakg diet). This work also included measurements on enzymes which provide NH 3 for uptake into the cycle. Das & Waterlow (1974) made somewhat similar experiments, with particular attention to the timecourse of the enzyme changes during the period of adaptation to a new level of protein intake.
There have been further studies since then; for an up-to-date review, see Morris (1992) . It is dif®cult to make comparisons because of differences in experimental design, levels of protein fed, timing of the measurements, etc., but the salient ®nding is that with increasing dietary protein the activity of all the enzymes increased and to very much the same extent (2 ± 3-fold), with arginase (EC 3.5.3.1) lagging a little behind. With a protein-free diet the opposite changes occurred (Schimke, 1962b) . Starvation, on the other hand, led to a doubling of urea output with a more than 2-fold increase in the activity of the enzymes, again except for arginase (Schimke, 1962b; Felipe et al. 1991) . In another experiment Barber et al. (1985) compared in rats the effects of a chow diet and a`cafeteria' diet, which has been much used to produce obesity in rats. On equal N intakes the cafeteria-fed rats produced less urea and showed a decrease in the activity of all the urea-cycle enzymes. These rats were gaining weight, with presumably some gain in LBM, so the experiment suggests that the changes in enzyme activity were related to the N available for urea production rather than to the N intake. All these experiments on the activity of liver enzymes were made in rats. In a study on malnourished children, liver samples were obtained by biopsy before and after recovery (Stephen & Waterlow, 1968) . In the malnourished state ASS, which was then considered to be the rate-limiting enzyme, was reduced and the activity of the`amino acid activating enzymes', as the amino acyl t-RNA synthetases were then called, was increased, in agreement with earlier ®ndings in rats (Mariani et al. 1963) . Such studies would not now be considered justi®able, although in our hands there were never any complications from the biopsies.
The time-course of the enzyme changes is important. Our experiments (Das & Waterlow, 1974) were speci®cally directed to this point. We found in rats that on changing the diet from 145 to 45 g caseinakg diet or vice versa, a new steady state both in N output and enzyme activity was reached in 30 h. The three cytoplasmic enzymes of the urea cycle were measured, together with three that feed N into the cycle: alanine and aspartate aminotransferases and glutamate dehydrogenase. All the enzymes responded in a very similar way and at very similar rates, with net t 1a2 of about 8 h, whether the N intake was increased or decreased, although with the upward change there was a short lag-period. The rapidity of these changes contrasts with the observations of other workers on the time needed to achieve a new steady state after the N intake has been changed: 3 d for ASS and 5 d for arginase (Szepesi & Friedland, 1969) ; 4 ±8 d for OTC and arginase (Schimke, 1962a) ; 20 ±30 d for CPS-1 and aspartate aminotransferase (Felipe et al. 1991) . Some authors reported that urea excretion and N-AG concentration in the liver responded much more rapidly to changes in the diet than the urea-cycle enzymes, within hours rather than days (Stewart & Walser, 1980; Saheki et al. 1980; Felipe et al. 1991) . It is dif®cult to explain these differences in the rate of response; perhaps they arise simply from differences in experimental design. However that may be, from our own experiments (Das & Waterlow, 1974) we naively drew the conclusions that the changes in enzymes caused the changes in urea output. It now looks as if the direction of causality may be the opposite.
It is accepted that the changes in enzyme activity are brought about by changes in amounts of the enzyme proteins (Schimke, 1964; Nicoletti, 1977; Tsuda et al. 1979; Saheki et al. 1980; Mori et al. 1981; de Groot et al. 1984) . There seems to be no evidence for allosteric effectors, except for N-AG, nor of activity being controlled by phosphorylationadephosphorylation, as with the branched-chain amino acid dehydrogenases (Randle, 1984; Harris et al. 1986 ). Schimke (1964) was again the pioneer in studies of the rates of synthesis and degradation of the urea-cycle enzymes, concentrating initially on arginase, and using a combination of immunological and isotopic methods. Full details of the methods and their theoretical basis are to be found in Schimke (1970) . Other studies followed: by Chee & Swick (1976) on the turnover rate of ornithine aminotransferases; by Nicoletti et al. (1977) on that of CPS-1; and by Tsuda et al. (1979) on that of ASS. The overall conclusions from this work may be summarized as follows: in the steady state the rates of synthesis and breakdown are, by de®nition, equal but what is surprising is that the rates are the same, regardless of the level of protein intake. During a period of dietary transition the main change is in the rate of synthesis, as predicted by Kenney (1970) , with smaller or no changes in degradation. The steady-state degradation rates found in these experiments fall within the range of 0Á09± 0Á3ah, which is slower than the rates of the highly inducible enzymes such as tyrosine aminotransferase (EC 2.6.1.5) or tryptophan pyrrolase, but in line with many other liver enzymes (Waterlow et al. 1978) . The concentrations of the mRNA for these enzymes were found to increase with increases in their amounts and activity (Mori et al. 1981; Morris et al. 1987) , which suggests regulation of gene expression and transcription (Jackson et al. 1986 ), but later work indicated that the situation is more complicated, with different control mechanisms for the different enzymes (Ulbright & Snodgrass, 1993) . How the activities of the two mitochondrial and three cytoplasmic enzymes are coordinated is, as far as I know, unknown. The fact that four of the ®ve genes are on separate chromosomes (Jackson et al. 1986 ) makes this coordination all the more remarkable. The suggestion that it is all brought about by glucocorticoids and glucagon working through cyclic AMP seems rather simplistic (de Groot et al. 1984) .
Here I leave this subject, with a question posed in the spirit of Krebs' remark at the beginning of this review: what is the purpose or reason for the 2 ± 3-fold increase in activity of the enzymes with quite a modest increase in protein intake (e.g. Das & Waterlow, 1974) , when from biochemical evidence it seems that the urea cycle could easily handle such an increase in load without any help from enzyme induction? If these enzyme inductions also occur in man, as our evidence suggests that they do, then could it be a hangover from the time when the hunter ± gatherers' diet was much higher in protein than it is now (Speth, 1989) , interspersed with episodes of hunger? This is another mystery.
The physiological evidence
When the dietary protein intake is changed, for N output to match the new level of intake takes 7± 10 d in adult men (Martin & Robison, 1922; Rand et al. 1976 Rand et al. , 1979 , 2± 3 d in the infant (Chan, 1968) and, as we have seen, about 30 h in the rat (Das & Waterlow, 1974) . During this time, if the shift is from a high to a low intake, there are small but decreasing losses of body N, amounting to 2± 3 % of the total. There are limits to the range of intakes over which this adaptation occurs. The lower limit of intake is ®xed by the rate of obligatory N loss corrected for the ef®ciency of utilization. If the intake is below this, there will be a continuing loss of LBM until a new balance can be achieved when the low intake can maintain a lower body mass (Waterlow, 1985) . Thus there are two phases of adaptation: in the ®rst the loss of LBM is regarded as trivial, although no one knows whether it has any functional consequences. About 30± 40 years ago there was much discussion about protein reserves, protein stores or`labile protein', which were supposed to provide the extra N excreted during this period of negative balance. However, no such protein stores have ever been identi®ed and it is better to regard the process as part of a time-lag in adaptation. Indeed it may be eventually replenished as part of the adaptation process. This is suggested by the fact that within otherwise healthy well-nourished populations, individual subjects consume varying protein intakes which do not appear to in¯uence the LBM when the intakes vary within the normal range. In the second phase of adaptation the loss of LBM associated with very low intakes would be regarded as unacceptable. The concept of N balance is therefore married to the concept of maintaining aǹ acceptable' LBM. The upper limit of N balance is much harder to de®ne. It may well be, as Millward (1995) has suggested, that there is a protein-stat mechanism for the regulation of the LBM which includes a set-point for the skeletal muscle component which the body strives to achieve and maintain and which is physiologically and biochemically dif®cult to exceed. This is certainly the case for individual proteins such as plasma albumin and, under normal conditions, haemoglobin.
In contrast to these longer-term adaptations of N balance, there are also short-term diurnal uctuations in both urea excretion and N balance. A good example is a study by Steffee et al. (1981) . There was a well-marked periodicity of urea excretion in subjects receiving 1Á5 g proteinakg per d in 4-hourly meals from 08.00 to 22.00 hours. If one allows for the slow turnover rate of the urea pool, the peak excretion corresponded quite well with the period of feeding, and the nadir with the period of fasting. The periodicity was preserved on low protein intakes of 0Á1 gakg per d, but with a lesser amplitude.
Further evidence on the extent of the changes in N excretion and N balance produced by feeding protein comes from studies on diurnal changes in protein balance, synthesis and breakdown over 12 h periods of alternate fasting and feeding Price et al. 1994; Quevedo et al. 1994) . Fig. 2(a) shows the urea excretion rates (corrected for changes in the body-N pool) over 12 h feeding and fasting periods in subjects adapted over 2 weeks to varying protein intakes. Over a 6-fold range of protein intakes (0Á36±2Á3 gakg per d), daily urea excretion increased by 4-fold with increases in both fasted and fed states and with the fed rate compared with the fasted rate, increasing by between 9 % on the very low intake to 50 % on the higher intakes.
In these studies measurements were made not only of diurnal changes in N balance and excretion but an alternative approach to direct measurement of N excretion or balance was used based on the oxidation of [1-
13 C]leucine. In this case the assumption is made that leucine balance predicts N balance, assuming a known leucine content of body protein (about 8 %) so that leucine oxidation will predict N loss in the fasted state. In the fed state account needs to be taken of the leucine content of the food, and how much of the food is deposited as body protein.
Thus with milk, which contains 10 % leucine, there will be an excess of leucine oxidation compared with N excretion during feeding which will need to be accounted for (el Khoury et al. 1994 (el Khoury et al. , 1995b (el Khoury et al. , 1996 Price et al. 1994) . On this basis there is reasonable agreement between predicted and measured N losses. The leucine method demonstrates very clearly the swings between fasting and feeding, and may well be more accurate because measurements can be made over shorter intervals. For example, in one study in which the daily protein intake was 0Á77 gakg per d, a negative balance during 12 h without food was cancelled out by a positive balance during 12 h with food. These¯uctuations round a mean of zero balance amounted to about 50 mg Nakg per 12 h, or less than 0Á2 % of total body N .
There seem, therefore, to be two methods for regulating N balance, short-term and longterm, which may operate in combination, as in the experiments of Quevedo et al. (1994) on diurnal changes over 14 d on moving from a high to a moderate protein intake. In this study daily total urea N excretion fell by 93 mgakg per d over 9 d (Fig. 2(b) ), whereas the difference between N excretion between feeding and fasting was on average only 37 mg Nakg per d and did not change signi®cantly from the beginning to the end of the period of adaptation (Fig.  2(c) )! It seems reasonable to suppose that the diurnal adjustments result from the instantaneous regulation of the urea cycle postulated by Krebs, whereas the longer-term larger adaptation is Fig. 2 . Urea excretion rates in relation to protein intake. (a) Urea excretion rates (corrected for changes in the body N pool) over 12 h feeding (u) and fasting (j) periods in subjects adapted over 2 weeks to varying protein intakes (recalculated from Price et al. 1994) . (b) Daily total urea N excretion on moving from a high intake (day 0, 1Á9 g proteinakg per d) to a moderate intake (days 1±9, 0Á77 g proteinakg per d) (recalculated from Quevedo et al. 1994. (c) Total urea N excretion during 12 h fasting (j) or feeding (u) periods in subjects moving from a high intake (day 0, 1Á9 g proteinakg per d) to a moderate intake (days 1±9, 0Á77 g proteinakg per d) (recalculated from Quevedo et al. 1994) .
produced by changes in the enzymes. However, these responses are in fact a mystery. It is not clear why the second mechanism should be necessary, since the difference between the N intakes on fasting and feeding is just as great as the difference between the extremes of normal protein intake. It is also surprising that there is so little change in the urea excretion during feeding when there is a marked change in intake which occurred on day 1 in Fig. 2(c) .
The next question to be considered is the quantitative relationships in the whole animal between N load and urea production. Duda & Handler (1958) injected increasing amounts of ammonium lactate into rats and found a linear relationship between the dose, up to 6 mmolakg (equivalent to 0Á525 g proteinakg), and the amount of urea synthesized in 20 min. Vilstrup (1980 Vilstrup ( , 1989 made a comprehensive study of this relationship in human subjects. He infused amino acids in varying amounts and showed a linear relation between urea production and plasma amino acid concentration. This covered a 6-fold range of urea synthesis of about 40 ± 240 mmolah, at plasma amino acid levels of 3± 12 mM. The results were the same when alanine was infused instead of an amino acid mixture. Similar studies were made by Raforth & Onsted (1975) in normal men fed different amounts of protein. There was a linear relationship between serum amino acid concentrations and rate of urea production. However, there are marked discrepancies between these two studies in the slopes of the lines and the points at which they cut the amino acid concentration axis, discrepancies which are unexplained. These represent short-term measurements. In the longer term the picture appears to be different, as indicated by two studies of the effects of longer-term change in protein intake on plasma amino acids, which although urea production was not measured would be expected to be associated with quite different rates of urea excretion. Young & Scrimshaw (1968) and Adibi (1968) both measured postabsorptive plasma amino acid concentrations in young men before and after 1 ± 2 weeks on a protein-free diet, when we know that urea excretion falls markedly (Table 1 ). In both studies there was a rise in total plasma amino acids, with a small fall in the essential and an increase in the nonessential amino acids. Alanine showed the largest increase. Unfortunately no measurements were made of urea production or excretion at the beginning and end of the period on a low-protein intake. Young & Scrimshaw (1968) did note that after 7 ±10 d on the protein-free diet, total urinary N had fallen to 36 mgakg per 10 d which, of course, is a very low level. A dif®culty in comparing these results with those of Vilstrup (1989) is that he was operating at the top end of the range of physiological load, Young & Scrimshaw (1968) and Adibi (1968) at the bottom end, and the time-scales of the experiments were completely different.
More important are the amino acid concentrations in the liver, which for most of the nonessential amino acids (alanine, glycine, glutamic acid and glutamine) are normally many times higher in liver than in plasma, whereas the concentrations of the essential amino acids are approximately the same (Bergstrom, 1974) . Adibi et al. (1973) measured amino acid concentrations in the livers of rats fed on a protein-free diet for 8 d. By that time the concentrations of the branched-chain amino acids had fallen to about 70 % of the initial levels. This is not a very large change, considering the duration and severity of the stress. The message from these human studies as far as they go is that in the adapted state there does not seem to be any relation between amino acid concentrations and urea excretion. However, excretion is not the same as production, as will be discussed in the next section.
The metabolism of urea
The straightforward concept that urea production is somehow matched to N intake was complicated by the work of Walser & Bodenlos (1959) showing that the calculated rate of urea production exceeded the rate of urea excretion by about 20 %. All those who have studied the problem, measuring urea production either with [ 14 C]urea or with doubly-labelled [ 15 N
15 N]urea, have con®rmed this observation (Hibbert & Jackson, 1991; Carraro et al. 1993; el Khoury et al. 1994 el Khoury et al. , 1995b el Khoury et al. , 1996 Forslund et al. 1998) . For a summary of work on urea kinetics, see Jackson (1992) . The difference between urea production and excretion results from passage of urea into the colon, where it is hydrolysed to NH 3 by bacterial urease (EC 3.5.1.5). This process has been intensively studied by Jackson and his colleagues (Hibbert & Jackson, 1991; Danielsen & Jackson, 1992; Hibbert et al. 1992; Jackson, 1992; Langran et al. 1992; Bundy et al. 1993; Meakins & Jackson, 1996; Child et al. 1997; McClelland et al. 1997; Jackson, 1998) , who refer to it as`salvage'. There has been much discussion about the fate of the NH 3 produced in the gut. It is presumed that it is absorbed into the portal tract, reaches the liver and by transamination joins the amino-N pool. Thereafter its fate will be determined by the partition of the amino-N¯ux. In a normal subject, on a usual protein intake, about 20 % of the¯ux is oxidized and about 80 % taken up by protein synthesis. It would be expected, therefore, that the gut-derived NH 3 should follow the same pathways in the same proportions, with only a part of it being recycled to form urea. The trouble with this argument is that the NH 3 from the gut will only form nonessential amino acids, so the addition will lead to an unbalanced amino acid mixture. However, the hydrolysed urea will only amount to about 50 mg N (25 % of urea N production) added to a total nonessential amino-N¯ux of about 400 mg Nad; therefore the distortion will not be very great.
In fact the extent of recycling can be checked by measurement of the output in the urine of [ 14 N
15 N] urea, which, in measurements of urea production with [ 15 N 15 N]urea, can only be produced by recycling (Picou & Phillips, 1972; Jackson et al. 1984) . The results in nine studies by Jackson's group show that on average only 17 % of the gut-derived NH 3 was recycled back to urea, in good agreement with the amount predicted earlier. An even lower extent of recycling was found by Carraro et al. (1993) . There has also been controversy about the fate of the NH 3 that is not recycled but retained in the body. The fact that some of the labelled-N can be identi®ed in plasma albumin (Richards, 1972; Varcoe et al. 1975) has given rise to the concept that it is`utilized', a term vigorously opposed by Walser (1981) on the grounds that there is no net utilization. This is indeed true in the steady state;
15 N from the gut, converted to amino-N, is simply substituting for unlabelled amino-N. However, in growing infants or in subjects on lowprotein diets the N from salvaged urea will contribute to the¯ux of amino acids available for protein synthesis, just like any other source of non-speci®c N (see, for example, Snyderman et al. 1962; Tripathy et al. 1970; Kies & Fox, 1978) . Moreover, the proportion of urea production that is salvaged increases in situations where there is an increased demand for N, so it is reasonable to regard salvage as contributing to the body's N economy when it is needed. These considerations are peripheral to the question of N balance. Both excretion and hydrolysis, in absolute terms, increase with increasing urea production. The important point is the relationship of urea production to N intake. How closely does production respond to changes in intake? Jackson maintains that production is more or less constant, regardless of intake. My recalculation of his data (Fig. 3) shows that there is a statistical relationship, but not a very sensitive one. At low intakes production is greater than intake up to an intake of about 200 mg N, or 1Á25 g proteinakg per d. This ®nding that at low levels urea-N production is greater than N intake has been strikingly con®rmed in a recent study by Sarraceda et al. (1998) in sheep (Table 2) .
It may therefore be concluded that over the normal range of protein intakes, if part of the urea produced was not sequestered by salvage it would be impossible to achieve N balance.
Another interesting point that emerges from the studies both of Jackson's group (Meakins & Jackson, 1995) and of el Khoury et al. (1996) was that when measurements were made during the fasting± feeding cycle of 24 h, urea production remained relatively constant throughout, urea excretion rose in the day and fell in the night, as would be expected, and hydrolysis changed in the opposite direction. In fact, in el Khoury's experiment (el Khoury et al. 1996) urea hydrolysis was zero during 12 h of feeding. In short-term measurements of Fig. 3 . Urea production in relation to nitrogen intake. Each point is the average of 4±6 subjects. (s), men; ( ), women). The line is described by: urea production (y) 0Á33 intake (x) 127, r 0Á61, P`0Á05. Data recalculated from Hibbert & Jackson (1991) ; Danielsen & Jackson (1992) ; Hibbert et al. (1992 Hibbert et al. ( , 1995 
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excretion some allowance has to be made for time-lag, unless changes in the body urea pool are determined at the same time, but this will not affect the fact that salvage is periodic, only its timing. The claim by Sarraseca et al. (1998) that Jackson's method overestimates the extent of urea recycling will not affect the results appreciably, since the extent of recycling in man is small (less than 20 % of salvage). Thus the conclusion from these ®ndings of Jackson and his colleagues is ®rst: that without salvage it would generally be impossible to maintain N balance; second, that although salvage increases with increasing urea production, the diurnal changes show that it is to a certain extent controlled independently of production.
It is therefore of great interest that a vasopressin-sensitive urea transporter (UT) protein was identi®ed in rat kidney by Knepper & Star (1990) and the DNA cloned by You et al. (1993) and Smith et al. (1995) . It was then found that there are several of these UT proteins present in mammalian tissues. UT2 mRNA is responsive to the state of hydration and UT1 mRNA to changes in the protein content of the diet (Ashkar et al. 1995; Smith et al. 1996) . Another UT has recently been isolated from the human colon, and work is now going on to determine its function and homology with other UT. Perhaps this provides a clue to the mechanism by which urea is salvaged. Meanwhile, the control of this process, because it surely must be controlled, is another mystery of N balance.
The regulation of protein synthesis and breakdown
The aim in this section is to examine how protein synthesis and breakdown respond to changes in amino acid supply and how the balance between them is achieved. Some boundaries have to be set. I shall deal almost entirely with studies on human adults in vivo, which means mainly, but not exclusively, measurements in the whole body. This is appropriate, because although different tissues may react in different ways to changes in N intake, in the context of this review we are concerned with the overall response. I have also excluded the vast amount of experimental work on rats, dogs, sheep, goats, etc., because with few exceptions, such as the work of Yu et al. (1990) on liver metabolism in the dog, it does not provide us with any radically different perspectives from studies in humans.
First, a few technical matters have to be considered. The tracer that has been the most widely used by far in studies on humans is leucine labelled in the 1-C position. It was ®rst used by O' Keefe et al. (1974) , because it has a small free pool and therefore in infusion experiments will produce an isotopic plateau more quickly, an important point before the use of a priming dose became routine. The next dif®culty was that of the precursor, since intracellular dilution of labelled leucine will cause it to have a lower isotope abundance than leucine in plasma. Rennie et al. (1982) and Matthews et al. (1982) solved this problem by using a-ketoisocaproic acid as precursor. a-Ketoisocaproic acid is the transamination product of leucine, whose labelling Intake (g Nad) 9Á7 1 9 Á3 2 9 Á0 Urea-N production (g Nad) 11Á5 1 4 Á8 2 2 Á4 Urea-N excretion (g Nad) 4Á1 4 Á3 5 Á8 Urea-N salvage (g Nad) 7Á4 1 0 Á5 1 6 Á6
* From Sarraceca et al. (1998).
presumably re¯ects that of the intracellular leucine from which it is derived. This is thè reciprocal pool' method originally proposed by Fern and Garlick (1974) in a different context. Although no single metabolite can ever represent the different levels of labelling in all tissues (Waterlow, 1995) , a-ketoisocaproic acid probably provides the best available estimate of average precursor activity in the whole body. All this is very well known to workers in the ®eld; what is not so widely recognized is that the use of a-ketoisocaproic acid instead of leucine not only increases the estimate of¯ux and hence the derived values of S (synthesis) and B (breakdown), but also alters their pattern, as can be seen from the example in Table 3 (Hoerr et al. 1993) . It must be borne in mind, in considering the tables that follow, that if the use of a-ketoisocaproic acid over-estimates the¯ux it will exaggerate the changes in breakdown.
There are three ways of examining the effect of N intake on protein synthesis and breakdown. The ®rst is by comparing the ®ndings in subjects adapted to different levels of protein intake; the second is by comparison of results after the transition from fasting to feeding; the third by measuring the changes in a cannulated limb (arm or leg).
Responses of protein synthesis and breakdown
Different levels of protein intake. The results of such studies as I can ®nd are summarized in Table 4 . They are expressed as the ratios of synthesis, breakdown and oxidation at the higher level of protein intake to the corresponding values at the lower level. In all cases the subjects were habituated to the new level for at least 7 d, and all were tested in the fed state.
One cannot make an exact comparison because of the differences in dietary and experimental conditions. Except for the original study by Motil et al. (1981) , even with large increases in protein intake synthesis seldom increased by more than 20 %. Breakdown was more variable, but generally decreased at the higher protein intakes. Oxidation showed a clearcut increase in every case as the subjects moved to a higher intake, which, under the conditions of these experiments, was usually accompanied by an increased plasma leucine concentration (but see later, p. 40). Young et al. (1985) showed a linear relationship between plasma leucine and oxidation rate. The general impression is that synthesis takes priority and proceeds at a fairly steady rate, while amino acids surplus to the requirements for synthesis are removed by oxidation. This is what one would expect from the K m of the degradative enzymes, which are many times higher than those of the amino acyl t-RNA transferases (Krebs, 1972; Rogers, 1976; Harper, 1983) . The changes in oxidation seem, however, to take 2 or 3 d to become complete. In the experiment of Motil et al. (1994) , on changing the protein content of the diet the change in oxidation by day 2, relative to day 6, was 86 ±93 % complete, depending on the level of protein intake; in the study of Quevedo et al. (1994) , in which intake was reduced from 1Á8 to 0Á77 g proteinakg per d, the reduction in oxidation was only 66 % complete by day 3, while synthesis remained unchanged throughout, from day 0 to day 14.
Why should the change in oxidation be so slow, if it depends simply on the properties of the oxidative enzymes? The experiments to be described next show that amino acid oxidation is quite capable of adapting very rapidly to changes in intake. In fact, it is quite mysterious why the period of adaptation should take so long.
Fasting and feeding
In these experiments a continuous infusion is given for periods up to 24 h; during part of the time the subject is in the postabsorptive state and part of the time feeding at intervals of 20 ± 30 min. In the ®rst such study by Clugston & Garlick (1982) feeding by day was followed by fasting at night, and the results suggested that the main effect of the food was to increase the synthesis rate with little change in breakdown. Later work in which fasting preceded feeding failed to con®rm the original ®nding; Melville et al. (1989) suggested that the discrepancy between feeding ± fasting and fasting ±feeding arose from recycling during the fasting period of isotope from protein labelled during feeding. Be that as it may, Table 5 summarizes studies in which fasting precedes feeding. The results are expressed as the ratio of rates of synthesis, breakdown and oxidation during feeding to the corresponding rates during fasting. In general the results are quite similar to those of the longer-term experiments on adaptation to different levels of protein intake. The transition from fasting to feeding produces a small increase in synthesis (average 8 %) and a larger decrease in breakdown. The higher the protein content of the meal, the bigger the increase in synthesis (S) and decrease in breakdown (B). The results of Pacy et al. (1994) illustrate very clearly Millward's hypothesis that high protein intakes amplify the diurnal swings in synthesis and breakdown, and hence the oscillation between positive and negative N balance . Again, the increases in oxidation on feeding are large, often more than 50 % above the fasting level. This shows that in spite of the evidence cited earlier for a lag in adaptation, changes in oxidation can occur rapidly and accurately; in most of the experiments in Table 5 the negative balance during fasting is cancelled out by a positive balance during feeding, so that the 24 h balance is zero.
Since in the feeding phase food is taken orally, it would be more physiological to give the tracer also by the oral route. When this is done, if leucine is the tracer, 20± 30 % of it is sequestered by the liver and other portal-drained viscera (the ®rst-pass effect) (Hoerr et al. 1991, 1993; Matthews et al. 1993) . There are, however, only two studies, those of Melville et al. (1989) and Hoerr et al. (1993) , in which the data are suf®cient to allow a comparison of the results obtained by the two routes. The intra-gastric route gives, as would be expected, higher estimates of¯ux, synthesis and breakdown. On moving from fasting to feeding (Melville et al. 1989) , or from a low-to a high-protein diet (Hoerr et al. 1993) , there is a larger increase in synthesis (S) and a smaller decrease in breakdown (B) than when the tracer is given intravenously. Hoerr et al. (1991) say:`The conclusion that feeding regulates body protein balance mainly through a reduction in whole body protein breakdown needs to be re-evaluated'. A recent important paper by Cayol et al. (1997) approaches the ®rst-pass effect in a different way.
[
2 H] and [ 13 C]leucine were infused simultaneously, and the uptake of 2 H measured in circulating apolipoprotein B-100. This protein is synthesized in the liver so rapidly that within a few hours its isotope abundance reaches a plateau equal to that of its precursor; it has therefore come to be widely used as a proxy for the true precursor of protein synthesis in the liver (Reeds et al. 1992 ). Cayol and colleagues constructed a two-pool model which enabled separate estimates to be made of leucine kinetics in the splanchnic and non-splanchnic regions. Using this model they compared the results given by a protein-free formula with one that provided 1Á5 g proteinakg per d. The results showed that the dietary protein caused a 30 % increase in whole-body protein synthesis with no change in breakdown. Incidentally, with the high-protein diet there was a 2-fold increase in the absolute rate of albumin synthesis; this recalls the results obtained many years ago by James & Hay (1968) in children studied with I-labelled albumin.
All the results cited so far assume a steady state which enables synthesis and breakdown to be calculated from the¯ux (Q) by the classical formula Q S O B I (Waterlow et al. 1978) . When the non-steady-state equations of Shipley & Clarke (1972) were applied to the fasting± feeding data of el Khoury et al. (1995b) , taking account of changes in the plasma leucine concentration as a measure of changes in the free leucine pool, the increase in synthesis in response to a meal was substantially greater than that obtained by the usual method of calculation (Waterlow, 1995). This conclusion is supported by a study of Boirie et al. (1996) , who fed a single meal containing labelled protein. Applying the non-steady-state equations, they showed that the response to the meal was an increase in synthesis with little change in breakdown. It is clear, therefore, that the technical problems of determining synthesis and breakdown rates in vivo are by no means solved, and it may be necessary, as Hoerr (1991) suggested, to rethink what has become the standard doctrine, that the response to feeding protein is mainly by reduction in the rate of breakdown. However, as will be seen below, the partition of changes in synthesis and breakdown is not really of the ®rst importance.
The arm or leg preparation. A third approach is based on studies of metabolism in the arm or leg, based on measurements of blood¯ow, arterio± venous differences in amino acid concentration and isotope exchange. This method was developed by Cheng et al. (1985 Cheng et al. ( , 1987 . They showed that with feeding, compared with fasting, amino acid uptake was increased by 80 %, release was decreased by 11 %, and there was a positive v. negative balance. Gelfand et al. (1988) inserted a catheter into the hepatic vein so that they could make measurements in the viscera as well as the leg, and observed that the viscera accounted for 50 % of whole-body turnover. Amino acid infusions stimulated leucine uptake by 40 % in the splanchnic bed and reduced release by 50 %; the corresponding ®gures for the leg were 82 % and 7 58 % (see also Bennet et al. 1990a) . In another experiment Svanberg et al. (1996) infused increasing levels of amino acids and found almost linear increases in synthesis and breakdown in the arm and leg preparations, without any change in the plasma concentration of insulin.
Amino acid infusions. The results of infusions of amino acids without insulin are summarized in Table 6 . On average they increased whole-body synthesis by 30 %. Breakdown was more variable; in one case it was decreased by 60 %, but in the four others it either fell a little or actually increased. There are, therefore, differences between the various kinds of study described above (long-term changes in protein intake, transitions from fasting to feeding, amino acid infusions and measurements on arm or leg) in their effects on the relative extent of changes in synthesis and breakdown. We cannot yet tell how far these differences in response represent real physiological differences, or whether they result from technical errors of measurement, some of which have already been mentioned.
The effects of insulin and other hormones. For a review of this subject, see the excellent review by Grizard et al. (1995) . Of all the hormones that may in¯uence protein metabolism in the short term, by far the most important is insulin. There is general agreement that infusion of insulin in both normal subjects and untreated diabetics reduces protein breakdown in the whole body and in muscle (Fukegawa et al. 1985; Tessari et al, 1988; McNurlan et al. 1994) . There are four studies in which amino acids have been infused, ®rst without and then with insulin (Bennet et al. 1990a,b; Pacy et al. 1991; Tessari et al. 1988) . Insulin, on average, produced an 8 % increase in synthesis and a 20 % decrease in breakdown. Flakoll et al. (1989) produced evidence that amino acids augment the suppression of whole-body protein breakdown by insulin, and that`there is a component of proteolysis that is highly dependent on plasma circulating amino acids'.
It is less clear whether insulin promotes synthesis, independently of amino acid supply. McNurlan et al. (1994) found that insulin had no effect on muscle protein synthesis in adult humans, although it has an important effect in rats, particularly young rats. Food stimulates secretion of insulin which, by inhibiting proteolysis, may lead to a fall in the plasma and intramuscular concentrations of some amino acids (Bennett et al. 1990b) . It is dif®cult to disentangle these effects, and an experiment of Gibson et al. (1996) is of particular interest because it was done under conditions that were natural and physiological without infusions of insulin. Labelled leucine was infused for 9 h; for the ®rst 3 h the subjects were in the post-absorptive state, for the next 3 h on a low-protein diet, and for the ®nal 3 h on a high-protein diet. On changing from fasting to the lowprotein diet plasma insulin levels increased 6-fold, but showed no further rise on transition to the high-protein diet. A highly signi®cant correlation was found between changes in protein synthesis and plasma leucine concentration. The authors conclude that low protein intakes adequate in energy stimulate insulin secretion and inhibit protein breakdown; because of the reduced endogenous amino acid supply, tissue amino acids fall to a level at which synthesis is suppressed in spite of the presence of insulin. Although the prevailing view is that insulin's main action is the inhibition of proteolysis, it seems as if the effects of insulin and amino acids are additive. It is of some importance for the hypothesis put forward in the last section of this review to establish that amino acids act on both synthesis and breakdown.
Many experiments have shown that a variety of hormones can affect protein synthesis and breakdown (see Grizard et al. 1995) . In human subjects Beaufrere et al. (1989) demonstrated catabolic effects of prednisone given in therapeutic doses. However, we are concerned here with physiological rather than pharmacological effects. In studies on protein feeding or amino acid infusions virtually no changes in plasma concentrations of hormones have been observed that could be related to alterations in protein synthesis or breakdown. No changes were found in glucagon (Pacy et al. 1988 Bennet et al. 1990a, b) except for one study by Bennet et al. (1989) , in which infusions of amino acids increased the glucagon concentration by 40 %; nor were there any changes in insulin-like growth factor-1 (Bennet et al. 1990a,b; Pacy et al. 1994; Svanberg et al. 1996) ; cortisol (Bennet et al. 1990a, b) ; or total and free tri-iodothyronine .
Amino acid concentrations. Many groups have measured the effects of protein intake, feedingafasting or amino acid infusions on plasma amino acid concentrations. The results are dif®cult to interpret for several reasons: (1) when the protein intake is changed not all amino acid concentrations change in the same direction or to the same extent; (2) amino acid concentrations or their changes in plasma may not be representative of what is happening at the sites of protein synthesis and breakdown, thus in the study of Bennet et al. (1990b) insulin had opposite effects on the leucine concentrations in plasma and muscle, increasing it in plasma and decreasing it in muscle; (3) in most cases information about amino acid concentrations is only given in the initial state and at the ends of the periods during which protein kinetics are being measured. This makes it impossible to apply non-steady-state kinetics, which will undoubtedly be the next step in improving the accuracy of these measurements. An exception are the 24 h infusions of el Khoury, Young and their colleagues (el Khoury et al. 1994 , 1995a although even here only leucine concentration was measured. Goulet et al. (1993) * In relation to infusion rate of 0Á7 g proteinakg per d.
It has been proposed that branched-chain amino acids, and leucine in particular, have a speci®c effect in stimulating protein synthesis or increasing sensitivity to insulin (Garlick & Grant, 1988) . This idea originally arose from experiments on muscle in vitro, but has not been con®rmed in vivo (McNurlan et al. 1982; Papet et al. 1992) . However, leucine does behave in a peculiar way, because in many studies plasma concentration falls in response to feeding protein, which does not seem to happen to the same extent with other amino acids. The explanation is probably that not only does leucine have a small free pool (the reason for its originally being adopted as a tracer), but it is also particularly abundant in tissue protein (7 ± 8 %). Therefore leucine could easily become a limiting amino acid for protein synthesis.
I shall con®ne myself to one example of the problems of interpreting amino acid concentrations. The example is a truly remarkable experiment by Marchini et al. (1993) , originally designed to give more precise information about human requirements for essential amino acids. Three separate diets were used, which all provided the same amount of total N, equivalent to 0Á9 g proteinakg per d, but different in their essential amino acid content. The ®rst (FAO diet) contained 10 %, the second (MIT diet) 21 % and the third (egg) 53 % of total N as essential amino acids. Separate subjects, twenty in all, were assigned to each diet, and each subject had four infusions of 13 Cleucine, covering fasted and fed states: a total of 80 infusions in all! All the subjects were on the adequate egg diet for their ®rst infusions; the second infusion was after 1 week on the assigned diet, the third after 3 weeks and the fourth after 1 week of recovery on the egg diet. At the time of each infusion plasma concentrations were measured of the branched-chain amino acids and of four others, methionine, threonine, lysine and proline. The amount of information that emerged is enormous and I shall give here only a very abbreviated summary that I think brings out the main points. Only the results of the second infusion, after 1 week on the diet, are shown, because there was no further change after 3 weeks.
As regards the amino acids: on the FAO and MIT diets the fed-state levels of all three branched-chain amino acids were substantially lower than on the egg diet, and lower than the corresponding fasting concentrations, the same kind of fall stimulated by food that was found by Gibson et al. (1996) in the fasting state. These changes did not occur with the egg diet nor with any of the other four amino acids that were measured. The kinetic data (Table 7) are very interesting. As we move from a very low to a much higher essential amino acid intake, the fasting rates of synthesis, breakdown and oxidation all increased. At all three levels of protein intake, in the fasting state breakdown was greater than synthesis; oxidation depended on the previous dietary intake, in agreement with the hypothesis of Millward (1995) , and was perhaps determined by the rate at which amino acids were liberated by proteolysis. In the fed state, synthesis was less than during fasting on the FAO and MIT diets although increasing with rising intake. Breakdown was very much reduced, and was strikingly constant on all three diets. We cannot tell whether this was because the total amino acid intake was the same on all three diets, or because all provoked the same insulin response. Finally, neither in the fed nor the fasted state was it possible to repress oxidation, so that at the low leucine intakes of the FAO and MIT diets the 24 h balances were negative. It may also be the case that amino acids destined for oxidation do not mix in a homogeneous pool with those recycled from breakdown to synthesis. Overall, these results agree well with the conclusions of Gibson et al. (1996) quoted earlier:`Only when the dietary amino acid supply is suf®cient to more than compensate for the marked inhibition of normal tissue breakdown are tissue amino acid levels suf®ciently increased to stimulate protein synthesis'. It would seem that the prime mover in this rather complex series of events is the inhibition of proteolysis below the basal or fasting rate. This is the most complete analysis I know of, in which changes in amino acid concentration and protein kinetics are looked at together.
The coordination of protein synthesis and breakdown
From the data discussed so far I think it is a widely accepted and reasonable hypothesis that amino acid supply, in cooperation with insulin, plays a major role in regulating rates of protein synthesis and breakdown in the body (for a review, see Kimball et al. 1994) . How the effects of cell volume on synthesis and proteolysis in the liver, so elegantly demonstrated by the experiments of Haussinger and his group (Haussinger& Lang, 1991; Stoll et al. 1992) , can be reconciled with this hypothesis remains to be determined. Perhaps the liver is a special case. Be that as it may, there are many points in the synthetic pathway at which amino acids could exert control. A review by Pain & Clemens (1980) gives an account of the mechanism of protein synthesis which, though it may be considered out of date by today's standards, provides a good starting-point for the non-specialist. Many years ago, Henshaw et al. (1971) and Millward et al. (1973) drew attention to changes in the ef®ciency of protein synthesis in tissues from animals on low-protein diets. Ef®ciency was measured by dividing the fractional rate of protein synthesis (K s ) by the RNA content of the tissue, and since about 85 % of RNA is ribosomal, a change in ef®ciency without change in amount of RNA directed attention to the functional capacity of the ribosomes. Munro (1970) and others had already shown that amino acid de®-ciency caused disaggregation of ribosomes into oligosomes, which are incapable of translation, and suggested a major role for tryptophan as the amino acid most likely to be de®cient. In perfused rat livers it was found that polysome disaggregation occurred when the perfusate contained no amino acids (Flaim et al. 1982a,b) . Moreover, disaggregation could be produced very rapidly (Pain & Clemens, 1980) and reversed equally quickly by amino acids or insulin. This, then, is one mechanism by which synthesis rates could be controlled by amino acids. There is also evidence that amino acids do not affect the charging of tRNA, but they do in¯uence the phosphorylationadephosphorylation state of the initiation factor eIF2 (Clemens, 1990; Pain 1994) . For reviews of the subject of translational control, see Hershey (1991) , Pain (1994) , and most recently Hesketh et al. (1998) .
The changes in amounts of the mRNA of the urea-cycle enzymes, and indeed of many other nutritionally important enzymes suggest transcriptional control. However, the stability of mRNA may be as important as their rates of production. There has been a great deal of work on Marchini et al. (1993) . For further details of the experimental design, see p. 44. { The three diets all provided the same amount of total nitrogen (0Á9 gakgad).
mRNA stability (e.g. Hentze, 1991; Ross, 1988 Ross, , 1996 , but it does not give any indication of stability being affected by amino acid concentration. However, in some cases there does seem to be a kind of self-regulating system, in which the stability of the messenger is controlled by its protein product (Cleveland, 1988; Kyrpides & Ouzounis, 1993) . The important point is that whereas molecular biology has identi®ed a number of different points at which the synthesis of individual proteins is or may be controlled, there is no overall mechanism in sight that could be applied to the synthesis of body proteins in general.
When it comes to protein breakdown the most important contributor now appears to be the ATP-dependent ubiquitin system (Hershko, 1991) . The incredible complexity of the enzymes involved, sub-units of the proteasome, has been described by Ciechanover & Schwartz (1998) . Speci®city of breakdown appears to be conferred by the N-terminal amino acid structure of proteins exposed to proteolysis (Bachmair et al. 1986; Varshavsky, 1992 Varshavsky, , 1996 . I have found no evidence of direct control of this process by amino acids, but progress in this direction is being made by the groups of Attaix and of Goldberg. They have shown in rats that in skeletal muscle atrophying from starvation, there is a correlated increase in activity of all the proteolytic pathways, including the ubiquitin ± proteasome system, and a concurrent increase in the levels of the mRNA for components of these systems, including subunits of the proteasome complex (Medina et al. 1995; Taillandier et al. 1996; Attaix & Taillandier, 1997) . Similar effects were found in muscles of patients with head injury who were in negative N balance (Mansoor et al. 1996) . Inhibition of protein breakdown with insulin and amino acids reduced mRNA levels for ubiquitin in skeletal muscle, but not in liver, jejunum or skin (Larbaud et al. 1996) .
All this work gives some indication of possibilities for dietary control of synthesis and breakdown separately, but says nothing about how the two processes are coordinated so that in the steady state they cancel out. Years ago a simplistic explanation was proposed, based on kinetic considerations (Waterlow et al. 1978) : if M is protein mass, k s and k d fractional rate constants of synthesis and degradation, and if k s is taken as zero-order, k d as ®rst order, then at any level of M in the steady state, k s k d M, and any change in k s will produce a new steady state. This system does not work, partly because it is unrealistic to suppose that such complicated processes as synthesis and breakdown can be described in terms of simple kinetic orders (Varshavsky, 1996) , and partly because in relation to normal N balance large variations in M are not allowed (p. 33).
To a physiologist scanning the literature there seems to be no communication between specialists in the twin areas of protein synthesis and breakdown. Logically there has to be some connection and amino acids are the one common feature to which both systems are exposed; they are substrates of the one and products of the other. On this fact a tentative hypothesis can be built of how coordination is achieved, derived in part from a suggestion by Scornik (1984) , who wrote:`The regulatory role of amino acids is a particularly attractive subject of investigation. Its physiological signi®cance is direct and immediate. The effects correct the cause: if amino acid pools are depleted, slower protein synthesis and faster breakdown tend to replenish them F F F some hormonal effects may be measured by changes in intracellular amino acid pools'. Scornik was thinking about maintaining the constancy of the free amino acid pool rather than protein balance, but he makes the two key points, that both synthesis and degradation are in principle self-limiting, and that amino acid concentration or supply affects the two processes in opposite directions.
Millward also has some interesting ideas on this question. He says that it is not possible to predict from ®rst principles the most effective postprandial response of synthesis and degradation to minimize oxidation and maximize protein deposition:`F F F . the results (of our studies) show that maximal inhibition of degradation and minimal stimulation of synthesis result in the most ef®cient protein utilization F F F . A lesser inhibition of degradation and a greater stimu-lation of synthesis result in less ef®cient protein utilization' (Fereday et al. 1998 ). Millward was not concerned with the coordination of synthesis and degradation, but rather with the most ef®cient combination of opposing processes to promote net protein synthesis. The basic problem, however, is the same. From these ideas it is possible to generate a model as shown in Fig. 4 , which I shall call thè cross-over' model of coordination. The full lines represent the rate of protein synthesis (S) and breakdown (B). The dotted lines represent these rates in the presence of insulin. At some point the lines for S and B must cross, because they are going in opposite directions, and this is the point of balance. In cross-over regulation there is no need for a signal or a sensor of the signal. A similar scheme was proposed by Toates (1975) for balancing lipolysis and lipogenesis.
In this system one can visualize that in each tissue there might be a basal amino acid concentration at which`appearance' and`disposal' are equal. These basal concentrations need not be the same in all tissues. There may also be a difference in sensitivity in different tissues to changes in amino acid concentration, or to the action of insulin or other hormones. All such changes will alter the position of the curves and perhaps their slopes, but there will always be some point at which they cross. The position of the cross-over points may differ, but as each tissue will be in balance, the sum will be in balance. The same idea can be enlarged to show the equality between disposal, which is the sum of synthesis and oxidation, and appearance, which is the sum of proteolysis and intake. However, having discussed the problem of`external balance' in the earlier part of the review, I wish here to concentrate on the internal balance between the two components of protein turnover.
This scheme attempts to explain how balance could be achieved, as it were automatically, in the normal steady state. It is outside the scope of this review to consider non-steady states such as growth, injury or disease. All that can be said is that perhaps in such states there is an extra stimulus, outside the model, such as growth hormone and insulin-like growth factor-1 in the case of growth, glucocorticoids and cytokines in the case of injury, which is operating in such a powerful and sustained way that the balancing process cannot keep up.
Conclusion
The aim of this review is to identify points on which we are ignorant about a physiological process so familiar that it may easily be taken for granted. These points are as follows:
(1) What is the exact relationship between the¯ux of amino-N through the liver and the NH 3 concentration at the site of entry to the urea cycle? (2) What is the reason for changes in the activity of the urea-cycle enzymes with relatively modest alterations in protein intake? (3) How are the changes in these enzymes coordinated? (4) Why does it take so long for balance to be restored when N intake is changed? (5) What is the exact relationship between N intake and urea production? The discrepancies that have been observed in man in vivo do not seem to ®t with the kind of relationship predicted by measurements in vitro. (6) Is urea salvage controlled, and if so, how? (7) Does the model proposed for the co-ordination of protein synthesis and breakdown make sense?
If not, what alternative can be suggested? Fig. 4 . Hypothetical model of effect of amino acid concentration on rates of protein synthesis (S) and breakdown (B) and the modulating effect of insulin. Balance occurs at the point where the curves cross. Dotted lines slow the effects of insulin, which shifts the curves to the left, to produce the increase in sensitivity. Synthesis is only moderately sensitive to amino acid concentration, breakdown more so.
